Abstract. Available data from a recent study of entrapped tetrachloroethylene (PCE) dissolution [Bradford et al., 1999] reveal that soil wettability and grain size distribution characteristics can dramatically influence dissolution behavior. This paper explores the modeling of the long-term dissolution of residual nonaqueous phase liquids (NAPLs) entrapped in fractional wettability porous media. Here dissolution is modeled with a linear driving force expression, and the lumped mass transfer coefficient is represented using independent estimates of the film mass transfer coefficient and the NAPL-water interfacial area. In fractional wettability porous media the NAPL saturation is assumed to occur as both NAPL films and ganglia, and NAPL-water interfacial area is thus modeled as the sum of contributions from films and ganglia. The interfacial area model is calibrated by fitting several parameters to the available experimental data. Trends in fitted parameters suggest that (1) residual NAPL ganglia are less accessible to a flowing aqueous phase in finer textured soils; (2) the dissolution rate depends on the interfacial area in a nonlinear manner; and (3) NAPL ganglia entrapment depends on system wettability and grain size distribution. Mass transfer coefficient correlations are established from these fitted parameters. The calibrated model predicts that for a given NAPL saturation, an increasing PCE-wet sand fraction results in longer periods of high effluent concentrations, followed by increased rates of concentration reduction and more persistent subsequent lowconcentration tailing. The dependence of dissolution behavior on mean grain size is also captured by this model. Simulations demonstrate a significant improvement in dissolution predictions using the proposed model in comparison with those obtained using a previously developed mass transfer correlation based upon a power law function of saturation.
Introduction
Nonaqueous phase liquids (NAPLs) are commonly found at hazardous waste sites in many regions of the United States as a result of underground storage tank and piping leaks, surface spills, and improper disposal practices [Dragun et al., 1984] . As a NAPL migrates through the subsurface, a residual portion is retained by the soil due to capillary forces. This entrapped NAPL serves as a persistent source of groundwater and/or air contamination because of its low solubility and often low volatility. Experimental and numerical studies have been undertaken to investigate the dissolution behavior of residual NAPLs [e.g., Pfannkuch, 1984; Hunt et al., 1988; Geller and Hunt, 1993; Parker et al., 1991; Miller et al., 1990; Powers et al., 1992; Guarnaccia et al., 1992; Imhoff et al., 1994 Imhoff et al., , 1997 Powers et al., 1991 Powers et al., , 1992 Powers et al., , 1994a Powers et al., , 1994b Rixey, 1996] . Most of these studies have been conducted using water-wet glass beads or silica sands. Under water-wetting conditions, water occupies the smaller pores and pore spaces immediately adjacent to the soil grains in larger pores, and residual NAPL is entrapped in the center of the larger pores as discontinuous ganglia or spherical singlets [Chatzis et al., 1983] . Results from these studies indicate that dissolution behavior depends on system hydrodynamics, NAPL saturation and composition, and soil grain size distribution characteristics. Considerable discrepancies exist, however, among these experimental studies pertaining to the inferred degree of influence of soil grain size distribution parameters and NAPL saturation on dissolution behavior [cf. Miller et al., 1998; Bradford et al., 2000] .
Researchers have suggested that rate-limited dissolution can occur under many circumstances [Hunt et al., 1988; Borden and Kao, 1992; Powers et al., 1992] , i.e., for large multipore NAPL blobs, high aqueous phase velocities, low NAPL saturations, small mass fractions of soluble NAPL species, and residual NAPL found in "inaccessible" pores. The rate-limited mass transfer of the NAPL into the bulk aqueous phase has often been considered to be controlled by diffusion of the organic solute through an aqueous phase boundary layer at the NAPLwater interface [cf. de Zabala and Radke, 1986; Powers et al., 1991] . In this case, a linear driving force model, a quasi steady state approximation of Fick's first law, has been successfully used to describe dissolution behavior. According to this approach, the dissolution rate is the product of a lumped mass transfer coefficient (which is equal to the product of the film mass transfer coefficient and the NAPL-water interfacial area) and the concentration gradient across an aqueous phase boundary layer.
Correlation expressions for lumped mass transfer coefficients have been developed by a number of researchers based upon experimentally determined lumped mass transfer coefficients [e.g., Pfannkuch, 1984; Parker et al., 1991; Miller et al., 1990; Powers et al., 1992; Guarnaccia et al., 1992; Imhoff et al., 1994 Imhoff et al., , 1997 . These correlations typically incorporate systemspecific values of the aqueous velocity, mean grain size, grain size distribution uniformity index, and residual NAPL saturation. A power function of the NAPL saturation is used as a surrogate parameter for temporal changes in NAPL-water interfacial area during dissolution [Powers et al., 1994a; Imhoff et al., 1994 ]. An alternative approach to the description of dissolution mass transfer utilizes independent estimates for the film mass transfer coefficient and the NAPL-water interfacial area [Geller and Hunt, 1993; Powers et al., 1994b] . Often these estimates of the NAPL-water interfacial area have been obtained by assuming that the residual NAPL is entrapped as several sizes of spherical singlets with known radii [Powers et al., 1994b; Abriola et al., 1993] . A severe limitation of this approach is that knowledge of the ganglia size distribution is not readily available. Technologies such as photoluminescent volumetric imaging [Montemagno and Gray, 1995] , interfacial tracers [Saripalli et al., 1997; Kim et al., 1997 Kim et al., , 1999 , and thermodynamic approaches [Leverett, 1941; Morrow, 1970; Bradford and Leij, 1997] may facilitate the measurement and/or estimation of interfacial areas. At present, however, little research has explored the use of interfacial area estimates in flow and transport studies. Both approaches to estimation of lumped mass transfer coefficients have been successfully applied to dissolution data for a limited range of NAPLs and porous media.
The above experimental and numerical modeling studies have been limited in their scope and application to water-wet systems. In many natural systems, however, the pore-scale distribution of residual NAPL may be much more complex due to spatial and temporal variations in wetting characteristics. The solid phase wettability is strongly dependent on the physical and chemical properties of the solid and fluid phases. For example, the wettability of natural soils depends on the solid phase mineralogy [Anderson, 1986] , surface roughness [Morrow, 1975] and charge [Hirasaki, 1991] , pH [Zheng and Powers, 1998 ], ionic composition [Brown and Neustadter, 1980] and strength [Murphy et al., 1992] , presence of organic acids [Thomas et al., 1993] and bases [Dubey and Doe, 1993] , and redox condition [Wang and Guidry, 1994] . In some instances, soils contain both water-and NAPL-wet solid surfaces. This condition is referred to as fractional wettability. The configuration of residual NAPL in fractional wettability systems can potentially include both multipore NAPL ganglia and singlets, as well as NAPL films. In the petroleum literature, fractional wettability has been recognized as a ubiquitous condition [Brown and Fatt, 1956; Donaldson et al., 1969; Salathiel, 1973] . Heterogeneous distributions of water repellant soils are also a commonly reported phenomenon in the unsaturated zone [DeBano, 1969 [DeBano, , 1981 Letey et al., 1975; Ma'shum et al., 1988; Dekker and Ritsema, 1994] .
Recently, Bradford et al. [1999] presented entrapment and dissolution data for tetrachloroethylene (PCE) in soils representative of a range in grain size and fractional wettability characteristics. Experimental dissolution data indicate that for a given NAPL saturation, an increase in the PCE-wet sand fraction results in longer periods of high effluent concentrations, followed by increased rates of concentration reduction and more persistent subsequent low-concentration tailing. For a given grain size distribution and NAPL saturation, an increase in the NAPL-wet fraction also resulted in a decrease in the dissolution time. This observation was attributed to enhanced mass transfer due to increases in interfacial area with increasing NAPL coverage of the solid surfaces [Gvirtzman and Roberts, 1991; Bradford and Leij, 1997] . The influence of fractional wettability on the dissolution behavior was also found to depend on the soil grain size distribution characteristics, especially for soils consisting of low PCE-wet mass fractions. PCE ganglia-film interactions provided a possible explanation for these observations [Bradford et al., 1999] .
To date, little research has addressed the modeling of NAPL dissolution behavior in fractional wettability porous media. Bradford et al. [2000] used a numerical simulator to analyze experimental fractional wettability dissolution data [Bradford et al., 1999] . Owing to the inability of previously published mass transfer correlations to describe these data, these authors fitted a two-parameter power function model for the lumped mass transfer coefficient to the experimental data sets. Correlations were then developed for mass transfer model parameters as a function of wettability and grain size distribution characteristics. This power function model, in conjunction with the parameter correlations, yielded reasonable representations of long-term dissolution behavior in the more PCE-wetting media. Poorer model predictions for the more water-wet materials were attributed to an increased sensitivity of effluent concentration behavior to temporal changes in PCE saturation in these systems.
The primary objective of this work is to improve the description and prediction of the long-term dissolution behavior for NAPLs entrapped in fractional wettability porous media. Dissolution is modeled herein with a linear driving force model which utilizes estimates of the film mass transfer coefficient and the NAPL-water interfacial area. Interfacial area estimates follow from the procedure presented by Bradford and Leij [1997] , while the film mass transfer coefficient is obtained from the correlation established by Powers et al. [1994b] . Model results are compared with experimental fractional wettability dissolution data [Bradford et al., 1999] , as well as with predictions based upon the lumped mass transfer correlation established by Bradford et al. [2000] .
Conceptual Model of NAPL Dissolution
In fractional wettability porous media, the residual NAPL saturation (S o ) may be assumed to be the sum of contributions from NAPL entrapped as ganglia in water-wet pores (S og ) and as immobile films coating NAPL-wet solid surfaces (S of ). Bradford et al. [1998] postulated that S og and S of can be linearly related to the NAPL-wet sand mass fraction (F o ) as (1 Ϫ F o )S o and F o S o , respectively. Recent analysis of measured residual NAPL saturation values and dissolution behavior in fractional wettability media, however, suggests that the magnitude of S og and S of vary in a more complex and nonlinear manner with F o and soil grain size distribution [Bradford et al., 1999] . In soils containing both NAPL ganglia and films, the values S og and S of will be more generally represented here as S o and (1 Ϫ )S o , respectively, where is a fitted partitioning factor.
The following linear driving force expression is employed herein to describe the mass exchanged per unit time per unit volume between the NAPL and aqueous phases (E ow ):
Here ) is the density of the NAPL; and ␣ and ␤ are fitting parameters. This form is an extension of that presented by Powers et al. [1994b] , where ␣ was introduced to account for the discrepancies between the actual residual NAPL shape and the idealized geometry and the fact that only a fraction of the interfacial area is exposed to mobile water. Note that most previous dissolution studies have modeled the lumped mass transfer coefficient (
) [e.g., Powers et al., 1994a; Imhoff et al., 1994 Imhoff et al., , 1997 . In this work, independent estimates for the film mass transfer coefficient and interfacial areas will be sought.
According to Fick's first law, k ow will be inversely related to the thickness of the NAPL-aqueous boundary layer and directly proportional to the diffusivity of the NAPL in the bulk aqueous phase. Consistent with experimental observations, however, the value of k ow is typically modeled as a nonlinear function of diffusivity, velocity, and viscosity [Powers et al., 1991] . In this work the value of k ow will be estimated using a modified form of the dimensionless correlation developed by Powers et al. [1994b] from dissolution measurements of solid naphthalene spheres embedded in sandy porous media:
Here the mean grain size d 50 (L) is used as a surrogate characteristic length; w (M L Ϫ2 T Ϫ1 ) is the aqueous phase viscosity; w (M L Ϫ3 ) is the density of the aqueous phase; v w (L T Ϫ1 ) is the aqueous phase pore water velocity; Sh is the Sherwood number; Re is the Reynolds number; and Sc is the Schmidt number. The above correlation was modified from that presented by Powers et al. [1994b] to account for the dependence of k ow on Sc ϭ w /( w D L ) [Imhoff et al., 1997] . Note that (2) assumes that the film mass transfer coefficient is independent of NAPL configuration. The influence of residual NAPL configuration on the lumped mass transfer coefficient is accounted for below by explicitly modeling temporal changes in the NAPL-water interfacial area.
An accurate representation of the evolving interfacial area is also essential for the prediction of the long-term dissolution behavior of residual NAPLs. The interfacial area attributed to the entrapped ganglia ( A ow g ) is determined herein by assuming that the NAPL is distributed among a number of ganglia classes (N). Each ganglia class (denoted with superscript j) consists of spherical singlets associated with a different saturation dependent radius (R j ) and NAPL saturation (S o g j ) [Powers et al., 1991; Powers et al., 1994b] . The initial NAPL ganglia saturation for a particular class (S og j* ) was determined herein as S og j* ϭ S og /N. The interfacial area per unit volume for each pore class was determined as the product of the surface area of the sphere and the number of spheres per unit volume. Addition of the surface areas of the pore classes yields
The initial values of R j (equation (3)) are estimated herein from NAPL-water capillary pressure (P ow )-water saturation (S w ) data using Laplace's equation for capillarity and assuming that the ganglia are entrapped in the largest portions of the pore space (i.e., in the saturation range 1 Ϫ S og Ͻ S w Ͻ 1) [Bradford and Leij, 1997] . For this purpose, the saturation dependence of R j is expressed below in terms of a corresponding initial water saturation of ganglia class j (S w j* ) as
Here sow is the solid-NAPL-water contact angle and ow is the NAPL-water interfacial tension. Since ganglia are assumed to be entrapped in the largest portions of the pore space, S w j* is equal to 1 Ϫ S og ϩ (2j Ϫ 1)S og j* / 2 and j ϭ 1 ⅐ ⅐ ⅐ N [Bradford and Leij, 1997] . It is logical to assume that the initial ganglia sizes will be controlled by the size of the pore bodies (water imbibition) instead of the pore throats (water drainage). Hence main imbibition capillary pressure data were employed in (4). The main imbibition P ow values in the saturation range 1 Ϫ S og Ͻ S w Ͻ 1 were approximated herein as half the corresponding primary drainage P ow values in this range [e.g., Kool and Parker, 1987] . In addition, since the pore radius distribution is independent of system wettability, P ow -S w data for similar (pore size distribution) water-wet soils having sow Ϸ 0Њ are used herein to predict A ow g for the fractional wettability soils. Powers et al. [1992] measured the ganglia size distribution for styrene entrapped in several water-wet media. In these experiments the entrapped styrene ganglia were polymerized in situ, removed from the soil, and then sieved into various ganglia size classes. By assuming a spherical ganglia geometry, these authors estimated values for A ow g in a manner analogous to (3). For example, Ottawa 20-30 sand had a calculated A ow g equal to 3.52 cm 2 cm Ϫ3 . Powers et al. [1992] also presents measured capillary pressure data for this sand. The use of (3) (assuming N equals 4) and (4) in conjunction with the reported capillary pressure parameters yields an estimate of the interfacial area at residual saturation equal to 3.15 cm 2 cm Ϫ3 . The favorable agreement between these two estimates suggests that (3) provides a reasonable approximation of A ow g when using (4) to estimate R j . The value of A ow f at 1 Ϫ S o can also be estimated from P ow -S w data. Thermodynamic considerations suggest that the area under a capillary pressure curve is related to the NAPLwater interfacial area [Leverett, 1941; Morrow, 1970; Bradford and Leij, 1997] . In this work an estimate of A ow f for a particular fractional wettability medium was obtained from primary drainage P ow -S w data for a water-wet medium with the same pore size distribution as
Here the limit of integration S wmin is the historic minimum water saturation and S is a dummy saturation variable of integration. In (5), film interfacial area is proportional to the interfacial area of drainage pore space and the fraction of organic-wet solids, F o . This procedure is analogous to using the measured solid surface area and F o to determine the NAPL-wet solid surface area, but it also accounts for the solid surface area exposed to NAPL. Kim et al. [1997] and Saripalli et al. [1997] utilized interfacial tracers to estimate interfacial areas in several multiphase systems. These authors reported good agreement between their measured interfacial areas values and those predicted using techniques based upon the area under the capillary pressure curves. Although the fluid pairs and wettability conditions in these studies differ from those considered herein, their observations lend support to the use of estimation procedures similar to (5).
Equations (3), (4), and (5) provide initial estimates of the interfacial areas for a given residual NAPL saturation. Temporal changes in interfacial area as a result of dissolution must also be considered. It is assumed herein that as dissolution proceeds, changes in NAPL saturation (⌬S o ) during a given time interval are equal to the sum of changes in the NAPL ganglia (⌬S og ) and film (⌬S of ) saturations. When there are no interactions between NAPL ganglia and films, equation (1) indicates that the values of ⌬S og and ⌬S of will be related to the magnitudes of ␣A ow
Note that the above values of ⌬S og and A ow g are actually divided into N subclasses according to (3); for simplicity only the sum of these contributions is shown in (6).
As dissolution progresses, the value of A ow f for a particular location is assumed to remain constant until S of is zero, at which time A ow f is set equal to zero. This hypothesis is supported by experimental observations of transient volatilization ] and dissolution [Bradford et al., 1999] behavior when the NAPL is distributed as films. In contrast, the value of A ow g is modeled as an explicit function of saturation. In this case, the ganglia radii slowly decrease in size as S og decreases. The saturation dependency of a particular ganglia class radius at a given location and time can be determined as
Equation (7) follows from the fact that the number of ganglia in a given class at a particular location remains constant during dissolution. Hence, as dissolution proceeds the ganglia size distribution will change spatially and temporally as a result of corresponding changes in the organic ganglia saturation. Once R j (S w j ) is determined from (7), the updated interfacial area may be calculated directly from (3). Equation (4) is only used to estimate the initial ganglia radii.
The above conceptual model of dissolution was implemented in an existing numerical simulator, MGANGLIA [Bradford et al., 2000] . MGANGLIA models one-dimensional organic solute transport in the aqueous phase, i.e., advection, hydrodynamic dispersion, and rate-limited dissolution and sorption. Solute transport and NAPL and solid phase mass balance equations are approximated using a centereddifference discretization of the spatial terms and a fully implicit backward-difference discretization of the temporal terms. The set of coupled algebraic equations is solved sequentially using the Thomas algorithm, after implementing initial and boundary conditions. Nonlinear coefficients, including saturations and lumped mass transfer coefficients, are evaluated at the previous time level. The numerical implementation in MGANGLIA was verified by comparison of simulator output and results from one-dimensional analytical solutions and another one-dimensional NAPL dissolution simulator (GANGLIA) [Powers et al., 1994a] .
To facilitate the calibration of the above conceptual model with experimental data, MGANGLIA was incorporated into an optimization program based on the Levenberg-Marquardt algorithm [Bradford et al., 2000] . This algorithm combines a quadratic-extrapolation strategy with a steepest descent approach to minimize the sum of the squared error between observed and predicted concentrations (the objective function) [Levenberg, 1944; Marquardt, 1963] .
Applications
This section explores the ability of the above dissolution model to describe experimental dissolution data for residual tetrachloroethylene entrapped in fractional wettability porous media. The experimental entrapment and dissolution procedures and data analysis are presented and discussed in detail by Bradford et al. [1999] . In these experiments, fractional wettability soils were created by combining various mass fractions of untreated and octadecyltrichlorosilane (OTS) treated Ottawa sands. These soils will be designated herein by their sieve sizes Table 1 summarizes the wettability, grain size distribution parameters, porosity, residual organic saturation, and the aqueous phase Darcy velocity (q) for the experimental systems employed in this study. The fluids consisted of Milli-Q water and laboratory grade (99%) tetrachloroethylene (Aldrich Chemical Co., Milwaukee, Wisconsin). PCE has a density of 1.623 g cm Ϫ3 , a viscosity of 0.89 cP [Lide, 1994] , an interfacial tension of 45.0 dyn cm Ϫ1 with water [Brown et al., 1994] , an equilibrium solubility (C s ) of approximately 203 mg L Ϫ1 at 20ЊC [Bradford et al., 1999] , and an aqueous phase diffusion coefficient of 6.56 ϫ 10 Ϫ6 cm 2 s Ϫ1 [Hayduk and Laudie, 1974] .
Estimates of the initial interfacial area for the various sand systems considered herein were obtained with equations (3), (4), and (5) using measured P ow -S w data. PCE-water P ow -S w curves were obtained using an automated setup [Bradford and Leij, 1995a] based upon the pressure cell approach; i.e., saturations change in response to imposed boundary conditions until equilibrium conditions are achieved. The soil columns and packing procedures were identical to those employed in the entrapment and dissolution experiments presented by Bradford et al. [1999] . Figure 1 presents all primary drainage PCE-water P ow -S w data and fitted van Genuchten [1980] P ow -S w model curves for the completely water wet sands. These curves were used to estimate A ow Table 1 also provides initial estimates of the total interfacial area per unit volume of porous media ( A* ow ϭ A ow g ϩ A ow f ) for the various soils utilized in this study. These estimates follow directly from (3) and (5) given a value of . Fitted values of that were utilized for this purpose will be discussed in the next section. Note in Table 1 that the value of A* ow for a particular soil increases with increasing organic-wet mass fraction. Also observe that for a particular level of fractional wettability, the value of A* ow increases with decreasing mean soil grain size.
Model Calibration
The conceptual model of NAPL dissolution presented above requires specification of the number of ganglia size classes, N (see equation (3)). A sensitivity analysis of dissolution behavior in the water-wet soils was used to establish a value for N. This analysis consisted of running simulations for a particular soil (3) and (5), respectively. system using various values of N (ranging from 1 to 7). The simulated effluent curves were observed to asymptotically approach a limiting effluent concentration curve as N increased. In more uniform soils, lower N values were required to reach this limiting curve. On the basis of this sensitivity analysis, a value of N equal to 4 was selected for the porous media considered herein.
The conceptual model also includes three fitting parameters (, ␣, and ␤). Measured concentration data were used to develop correlations for these fitting parameters. In this effort, only effluent concentrations ranging between the equilibrium solubility and 3 orders of magnitude below this value were considered. Bradford et al. [1999] demonstrated that the observed low-concentration tailing, C/C s Ͻ 10 Ϫ3 , in fractional wettability dissolution experiments was likely due to ratelimited desorption of PCE from the OTS-treated sands. Bradford et al. [2000] found that this desorption behavior could be adequately modeled using a linear driving force expression in conjunction with measured equilibrium sorption data. Thus no attempt was made to fit this tailing in the work described herein, and sorption is neglected.
In water-wet porous media, only the parameter ␣ needs to be determined, since S o ϭ S og ( ϭ 1) and A ow f ϭ 0. The parameter ␣ theoretically accounts for the discrepancies between the actual ganglia shape and the assumed spherical geometry and the fact that only a fraction of the interfacial area is exposed to mobile water [Powers et al., 1994b] . Figure 2 presents observed and fitted effluent concentrations curves for the selected water-wet sand systems. Here (2) was used to estimate k ow . Hence the shape of the effluent curve is primarily controlled by spatial and temporal changes in the ganglia interfacial area. The interfacial area slowly decreases with decreasing ganglia saturation. Table 2 summarizes best fit values of ␣ as well as the coefficient of linear regression (r 2 ), the mean square error (MSE), and the 95% confidence interval on the fitted parameter determined according to the Student's t-test [e.g., Samuels, 1989] . The single parameter fit models the data well over the 3 order of magnitude concentration range considered (Figure 2) .
A correlation between the fitted values of ␣ and grain size distribution characteristics (mean grain size and distribution uniformity coefficient) was sought to facilitate the prediction of the measured dissolution data. A variety of functional forms for the correlation were tested and evaluated. Because only four fitted ␣ values were available, a single parameter correlation was sought. The previously discussed nonlinear least squares fitting routine was used for this purpose. The value of ␣ was found to depend on the normalized mean grain size (␦ ϭ d 50 /0.05) as
Note that this correlation is strictly valid over the range of experimental mean grain sizes (0.071 Ն d 50 Ն 0.015 cm) used in correlation development; for ␦ Ͻ 0.266 the value of ␣ is physically unrealistic (negative). Equation (8) indicates that the value of ␣ decreases with decreasing d 50 . This suggests that in finer-texture porous media, less mobile water contacts the NAPL ganglia or that dissolution fingering is more pronounced . In porous media where S o ϭ S of ( ϭ 0) and A ow g ϭ 0, only ␤ needs to be fit. It is reasonable to assume that S o ϭ S of in porous media having F o Ն 0.50, since any ganglia formed in such media could be drained by the presence of NAPL films on adjacent sand grains. Figure 3 presents examples of observed and fitted effluent concentration curves for several soils having F o Ն 0.5. Here effluent concentration values are near equilibrium levels until the NAPL films are completely dissolved. Table 2 summarizes best fit values of ␤ and statistical parameters for the goodness of the fit. Note the good agreement between observed and fitted curves (Figure 3) , as well as the high coefficient of linear regression and low mean square error (Table 2 ). 
Recall that A ow f is related to P ow -S w data according to (5). Hence (9) can also be rewritten in terms of fitted P ow -S w model parameters using an analytic solution of (5) [e.g., Brooks and Corey, 1964] .
The inverse dependence of ␤ on U i in (9) suggests that some of the residual NAPL films are less accessible to a flowing aqueous phase in more graded soils. The value of ␤ is also inversely proportional to A ow f . This result is somewhat surprising since it seems inconsistent with (1), which states that the dissolution rate is directly proportional to A ow f when A ow g ϭ 0. Equation (9) . One possible explanation is that system hydrodynamics and fluid properties limit the maximum value of K ow , such that further increases in A ow f do not affect K ow . For example, water flowing in larger pores may never reach the equilibrium solubility limit regardless of the system interfacial area, provided that the fluid residence time is low or fluid mixing is incomplete. Hence the product of ␤ and A ow f may be viewed as accounting for the nonlinear influence of A ow f on the dissolution rate. In support of these hypothesis, Wilkins et al. [1995] observed that the volatilization rates for NAPL entrapped in the unsaturated zone (NAPL films on the airresidual water interface) were proportional to the mean grain size. Since the surface area is inversely related the mean grain size, this finding also suggests a nonlinear correlation between volatilization rates and interfacial area.
In soils containing residual NAPL entrapped as both ganglia and films, estimates of S og ϭ S o and S of ϭ (1 Ϫ )S o must be obtained. In order to quantify S og and S of , values of were fit to dissolution data sets from soils having F o equal to 0.10 or 0.25. To avoid nonuniqueness problems, the values of ␣ and ␤ were estimated from the correlations presented in (8) and (9), respectively. Figure 5 presents observed and fitted effluent concentration curves for several soils having F o ϭ 0.1 or 0.25. Table 2 summarizes best fit values of and statistical parameters for the goodness of the fit. In general, good agreement between observed and fitted curves ( Figure 5 and Table 2 ) are achieved. This observation suggests that the proposed conceptual model of dissolution and entrapment can accurately capture the dissolution behavior of entrapped NAPL in fractional wettability porous media. Figure 6 presents a plot of the variation of the fitted ϭ S og /S o with F o for the various soil types. Note that equals unity for F o ϭ 0 by definition and then rapidly goes to zero as F o increases. One possible explanation for this behavior is that NAPL-wet solid surfaces hinder the formation of NAPL ganglia; i.e., ganglia that would otherwise form near water-wet solids are drained by the presence of NAPL films on adjacent sand grains. The rate of decrease also depends on the soil grain size distribution characteristics. When F o ϭ 0.1, the value of is much lower for the F20-F30 soil than for the other finertextured soils. This distinct difference in when F o ϭ 0.1 suggests that ganglia entrapment was diminished further in the coarser F20-F30 sand as a result of decreasing capillary forces. Morrow et al. [1988] found that entrapment of residual ganglia decreased above a threshold capillary (ratio of viscous to capillary forces) or bond (ratio of gravitational to capillary forces) number. Unfortunately, their analysis was limited to water-wet systems, and no systematic studies have been conducted to explore the influence of capillary, viscous, and gravitational forces on ganglia entrapment for different porous medium wettabilities. On the basis of the fitted values of shown in Figure 6 , the following empirical correlations were developed:
Equations (10) assume that ganglia entrapment ( ϭ S og /S o ) depends on system wettability and a threshold mean grain size (capillary force). Below the threshold mean grain size (d 50 Ͻ 0.71), ganglia entrapment is controlled primarily by the porous media wettability. Above this threshold mean grain size (d 50 Ն 0.71), ganglia entrapment is further hindered as a result of decreasing capillary forces. Note that values of S of /S o can also be determined from (10) as 1 Ϫ . The above correlation predictions are also presented in Figure 6 , demonstrating that the correlation provides a reasonable description of the data. The coefficient of linear regression was determined to be 0.960. A more precise description of ganglia entrapment would require a systematic investigation of ganglia entrapment over a range of capillary, viscous, and gravitational forces in soils of various wettabilities. Such an investigation is beyond the scope of this paper.
Predictions
In this section the ability of the calibrated entrapment and dissolution model to predict experimental data will be investigated. Unfortunately, independent dissolution data for NAPL entrapped in fractional wettability porous media are presently unavailable. Hence the "predictions" for the NAPL dissolution data presented below are not completely independent, since these same data were also used in the correlation development.
The fractional wettability dissolution data that were utilized herein to calibrate the proposed dissolution model were also recently used by Bradford et al. [2000] to develop the following correlation for the lumped mass transfer coefficient:
Here o is the volumetric organic content; io is the initial volumetric organic liquid content; and Sh* is a slightly different form of the Sherwood number equal to (K ow d 50 2 )/D L . Similar to previously established correlations for lumped mass transfer coefficients in water-wet soils [i.e., Powers et al., 1994a; Imhoff et al., 1994 Imhoff et al., , 1997 , (11) uses a simple volumetric NAPL content power function as a surrogate parameter for temporal changes in interfacial area. The initial dissolution rate is a function of grain size distribution parameters, as well as of Reynolds and Schmidt numbers.
Figures 7a, 7b, and 7c present the observed and predicted effluent concentration curves for PCE entrapped in the indicated soils. Here predictions are based upon the correlation expressions presented herein. For comparison, dissolution predictions using (11) to determine the lumped mass transfer coefficient are also shown in these figures. Note that the observed dissolution behavior and remediation times are fairly accurately described by the model developed in this work (see equations (1)- (10)). Consistent with the experimental data, the model predicts that for a given NAPL saturation, an increasing PCE-wet sand fraction results in longer periods of high effluent concentrations, followed by increased rates of concentration reduction. The model also captures the observed sensitivity of the dissolution data to grain size distribution characteristics. The predictions for the low NAPL-wet percentage soils shown in Figure 7c were, however, sometimes described less adequately than the other dissolution data sets. In comparison, dissolution predictions according to (11) provided only a good description for effluent curves in more PCE-wetting media. Bradford et al. [2000] attributed this observation to an increased sensitivity of effluent concentration behavior to temporal changes in PCE saturation in these systems. Note, however, that predictions using the model developed herein, equations (1)-(10), are always superior to those using (11). This is especially true for soils containing lower NAPL-wet mass fractions. The model proposed herein is, however, more difficult to implement and requires additional data input. (11)).
Note that the predicted dissolution behavior depends strongly on the value of . Increasing significantly increases the concentration tailing and hence the remediation time. In contrast, decreases in lead to longer periods of high initial effluent concentrations and hence shorter remediation times. This observation suggests that most of the differences in observed and predicted (see equations (1)- (10)) dissolution behavior for the lower NAPL-wet fractions soils (Figure 7c ) are due to inaccuracies in the estimation of S og (see equation (10)).
The use of (5) and (10) requires an estimate of F o . In this work the value of F o is known and equal to the OTS-treated sand mass fraction. No methods currently exist, however, to independently estimate the NAPL-wet fraction of natural soils. It may be possible, however, to correlate traditional wettability indices with known OTS fraction to provide a relatively simple means of estimating the "equivalent" OTS fraction of a particular soil. Some of these wettability indices are the United States Bureau of Mines (USBM) index (I usbm ) [Donaldson et al., 1969; Sharma and Wunderlich, 1985] , the Amott-Harvey index [Boneau and Clampitt, 1977] , the water drop penetration time [Letey et al., 1975] , and the air-water imbibition rate [Powers and Tamblin, 1995] . For example, Bradford and Leij [1995b] established a correlation between I usbm and F o .
Summary and Conclusions
This paper presents a conceptual model to describe the entrapment and long-term dissolution behavior of residual NAPL in fractional wettability porous media. Rate-limited dissolution is modeled with a linear driving force expression. The residual NAPL, and hence the interfacial area, is assumed to be the sum of contributions from NAPL ganglia and films. Estimates of the film mass transfer coefficient and the NAPLwater interfacial area are utilized in the model to determine the lumped mass transfer coefficient. Interfacial area estimates are generally based upon the procedure presented by Bradford and Leij [1997] , while the film mass transfer coefficient was obtained from a modified form of the correlation established by Powers et al. [1994b] .
The model was calibrated by fitting several parameters to the fractional wettability dissolution data of Bradford et al. [1999] . In water-wet porous media the fitting parameter ␣ was used to account for discrepancies between the actual ganglia shape and the assumed spherical geometry and the fact that only a fraction of the interfacial area is exposed to mobile water. The fitted values of ␣ were observed to decrease with decreasing mean grain size. This suggests that in finer-texture porous media, less mobile water contacts the NAPL ganglia. In media containing only NAPL films the fitting parameter ␤ was found to be inversely related to the grain size distribution uniformity coefficient and the NAPL film interfacial area. This observation suggests that some of the residual NAPL films are less accessible to a flowing aqueous phase in more graded soils and suggests a nonlinear dependence of dissolution rate on interfacial area. In media containing both NAPL films and ganglia the partition factor, ϭ S og /S o , was fit to experimental dissolution data. The value of was found to be a function of both the mean grain size and the NAPL-wet sand mass fraction. Fitted values suggest that NAPL ganglia entrapment depends on system wettability and a threshold mean grain size (capillary force). Below a threshold mean grain size, ganglia entrapment is controlled primarily by the porous media wettability. Above this threshold mean grain size, ganglia entrapment is hindered or ganglia mobilization occurs. Correlations for the fitting parameters were successfully established. This calibrated entrapment and dissolution model was then used to "predict" the fractional wettability dissolution data of Bradford et al. [1999] . Owing to limited experimental fractional wettability dissolution data, these predictions were not completely independent, since the same experimental data were also used in correlation development. Consistent with the experimental data, the model predicts that for a given NAPL saturation, an increase in the NAPL-wet fraction results in longer periods of high effluent concentrations, followed by increased rates of concentration reduction and finally lowconcentration tailing. The model also predicts the observed sensitivity of the dissolution data to grain size distribution characteristics. The dependence of the dissolution behavior on the NAPL-wet sand fraction and the grain size distribution characteristics is embedded in the estimates of interfacial area, the NAPL ganglia saturation, the film mass transfer coefficient, and the correlations developed from the fitting parameters that were utilized herein. Comparison of the dissolution data and model predictions revealed a reasonable agreement, suggesting that the conceptual model of NAPL ganglia and films accurately captures the dissolution behavior. In the case of the low NAPL-wet sand fraction systems, the agreement was sometimes unsatisfactory owing to the sensitivity of the predicted dissolution behavior to estimates of the NAPL ganglia saturation. Simulations demonstrate, however, that the model developed in this work provides a more accurate prediction of PCE dissolution in the considered soils than predictions based upon the lumped mass transfer correlation recently presented by Bradford et al. [2000] . This is especially true for soils containing lower NAPL-wet mass fractions. The proposed model is, however, more difficult to implement and requires additional data input. Dissolution data and model predictions presented herein demonstrate that fractional wettability and grain size distribution characteristics can dramatically influence the long-term dissolution behavior of residual NAPLs. There is presently a need to quantify wettability parameters in natural soils and subsurface formations and to investigate dissolution behavior in heterogeneous natural environments. Future studies will investigate the influence of coupled physical and chemical heterogeneity on the entrapment and dissolution behavior of residual NAPLs. The extension of the dissolution model presented herein to such systems, as well as to media containing entrapped and pooled NAPL, warrants further examination.
